Abstract. Aortic aneurysm is a cardiovascular condition with a serious risk of mortality and the dismal prognosis of any type of major cardiovascular disease. The present study found that tissues from aortic aneurysm patients and hypoxic aortic smooth muscle cells showed aberrant high expression of the cyclic RNA hsa-circ-000595, as demonstrated by polymerase chain reaction array screening. Knockdown of hsa-circ-000595 resulted in a decreased apoptotic rate of human aortic smooth muscle cells. Furthermore, it was determined that miR-19a is a target of hsa-circ-000595. The results of the present study laid an epigenetic foundation for exploring the underlying mechanisms of the development of aortic aneurysm.
Introduction
Aortic aneurysm is a leading cause of cardiovascular mortality and has the dismal prognosis of any major type of cardiovascular condition (1) (2) (3) . Aortic aneurysm, determined by a pathological aortic expansion by >50% of the normal vascular diameter, is divided into true aortic aneurysm and aortic pseudo-aneurysm (4) . Although considerable progress has been made in improving cardiovascular survival rates over the past few decades, the five-year survival rate has remained <35% (5) . The poor prognosis of cardiovascular conditions is in part due to the emergence of drug resistance (6) . Consequently, there is an urgent requirement to explore the underlying molecular mechanisms of aortic aneurysm.
As is commonly known, mRNA is a type of single-stranded RNA, which carries genetic information that guides protein expression. Gene transcription occurs via the expression of mRNA molecules in each cell (7) . However, abnormal RNA splicing (trans-splicing) may occur, leading to the covalent attachment of a single RNA molecule to its other end and resulting in the formation of cyclic RNA (circRNA); this is usually a rare biochemical reaction. Initially, circRNAs were identified in plants, in which they are capable of encoding sub-viral factors (8) . In unicellular organisms, circRNAs occur mostly due to the self-splicing intron of ribosomal RNA, but may also be produced by evolutionarily conserved protein-coding genes (9, 10) . In animal cells, circRNAs are formed in the splicing process by joining the 5' and 3' end of the downstream exon (10, 11) . By far the most well-known circRNA is that formed by anti-sense transcription of the mRNA of the sex determining region Y gene, which was shown to be highly expressed in the testes (12) . Analysis of gene expression in archaea and mammals showed that circRNAs are more abundant than expected; however, the biological functions of circRNAs in animals and plants have remained elusive. CircRNAs have been frequently found by RNA seqencing, and it has been attempted to identify all circRNAs present in animal cell systems. It has been revealed that certain circRNAs act as molecular 'sponges' by combining and encapsulating microRNAs (miRNAs), thereby performing their regulatory effect on gene expression (13, 14) . In addition, it was speculated that circRNAs have numerous other functions, pointing out that the functions of RNA go beyond that of a messenger between DNA and the encoded proteins (15) . CircRNAs have not been discovered at any earlier stages as traditional methods to isolate RNA from cells discarded of these cyclic molecules. It has been wrongly assumed that only linear RNAs are the products of gene transcription; however, circRNA are the predominant transcript form of hundreds of genes (16) . CircRNAs have also been widely ignored by classical RNA sequencing studies due to their lack of a tail end (17) . CircRNAs are more abundant than expected and may be more important than previously thought; however, their expression and function in numerous conditions, including aortic aneurysm, have remained elusive.
The circRNA labeled hsa-circ-000595 was first identified by Memczak et al (18 (19) . The present study investigated the role of circRNAs in aortic aneurysm using an epigenetic PCR array. As hypoxia is implicated in aortic aneurysm (20) , the effect of CoCl 2 -induced hypoxia on the expression of hsa-circ-000595, a circRNA that was found to be differentially expressed in aortic aneurism compared with normal aortic tissues, was examined. Furthermore, RNA interference was employed to knockdown circRNA expression, and its effect on hypoxia-associated apoptosis of a human aortic smooth muscle cell line was assessed. The present study preliminarily explored the underlying mechanisms of aortic aneurysm from the perspective of epigenetics. Small interfering (si)RNA transfection. Prior to transfection, V-SMC were seeded at a density of 3.0x10 5 , and 2 ml serum-free DMEM was added into six-well plates. siRNA (Funeng Biological Technology Co., Ltd., Shanghai, China) (forward, 5'-GGCCUAAGAUAAGAAAUAUUU-3', and reverse, 5'-AUAUUUCUUAUCUUAGGCCUU-3') was added to a final concentration of 50 nM. siRNA targeted to circRNA hsa-circ-000595 was transfected into V-SMC cells with Lipofectamine 2000 (Invitrogen Life Technologies) following the manufacturer's instructions. Knockdown was then confirmed by assessing the expression of circRNA and miRNA by reverse transcription quantitative polymerase chain reaction (RT-qPCR).
Materials and methods

Cell
RT-qPCR. Total RNA was extracted from cultured cells using TRIzol (Invitrogen Life Technologies) and determined its concentration was determined. Total RNA (0.5 µg) was used as a template to prepare cDNA (Reverse Transcription System, Promega Corporation, Madison, WI, USA; cat. no. A3500). The mRNA expression of target genes (hsa-circ-000595 and miR-19a) was quantified using SYBR Premix EX Taq (Takara Bio, Inc., Shanghai, China) on the ABI 7500 squence detection system (Advanced Biosystem, Thermo Fisher Scientific, Waltham, MA, USA). PCR was performed with the following thermocycling conditions: An initial 5 min at 95˚C, followed by 40 cycles of 95˚C for 30 sec, 55˚C for 30 sec and 72˚C for 30 sec. The thermocycler used in the present study was the StepOnePlus™ Real-Time PCR system (Applied Biosystems Life Technologies, Foster City, CA, USA) The primers were obtained from Funengbio Co. (Shanghai, China), and the sequences were as follows: hsa-circ-000595, forward 5'-ACGCGGCCTAAATATGAGCA-3', reverse 5'-GA AG C T T C CAGAC T GAG C CAC -3'; m i R-19a, for wa rd 5'-ACGTGTG CA A ATCTATG CA A A AC-3' and reverse 5'-GTGCAGGGTCCGAGGT-3'; β-actin, forward 5'-CCTCGCCTTTGCCGATCC-3' and reverse 5'-GGATCTTCATGAGGTAGTCAGTC-3'. Housekeeping gene β-actin was used as an internal reference to normalize the results. All experiments were performed in triplicate. Finally, the 2 -ΔΔCt method was performed to calculate the relative expression (21) .
Western blot analysis. Western blotting was performed according to standard protocols. Briefly, the total protein from tissue or cell was extracted using radioimmunoprecipitation lysis buffer containing 1 mM phenylmethanesulfonylfluoride and the protein concentration was determined using the Bradford method (Beyotime Institute of Biotechnology, Nantong, China) according to the manufacturer's instructions. 20 µg total protein sample was separated by 10% SDS-PAGE (Fdbio Science, Hangzhou, China) and transferred into a nitrocellulose membrane (EMD Millipore, Billerica, MA, USA). The membrane was blocked in phosphate-buffered saline containing Tween 20 (PBST) with 5% non-fat milk for 1 h at 4˚C. The membrane was then incubated with the following primary antibodies for 12 h at 4˚C: Anti-caspase 8 (mouse anti-human monoclonal antibody; 1:1,000; cat. no. sc-56070), anti-caspase 3 (mouse anti-human monoclonal antibody; 1:800; cat. no. sc-65496) and anti-B-cell lymphoma (Bcl)-2 (rabbit anti-human polyclonal antibody; 1:1,000; cat. no. sc-492) (all Santa Cruz Biotechnology, Inc., Dallas, TX, USA), followed by three washes with PBST and incubation for 30 min at 4˚C with secondary antibody labeled with horseradish peroxidase. Finally, the membrane was washed three times with PBST and the protein bands were visualized with Super Signal. Antibody binding was detected using an enhanced chemiluminescence kit (EMD Millipore). The blots were then incubated in a commercial stripping solution (Pierce Biotechnology, Inc. Rockford, IL, USA) for 10 min. The membranes were re-probed with a rabbit anti-human anti-β-actin polyclonal antibody (1:1,000; cat. no. A2668; Sigma-Aldrich, St. Louis, MO, USA) as a loading control.
Hematoxylin and eosin (HE) staining. The aortic tissue samples from patients with aortic aneurysm were fixed in 4% paraformaldehyde (Aladdin, Shanghai, China), dehydrated with graded ethanol, cleared in dimethylbenzene (Aladdin) and embedded in paraffin (Aladdin). Paraffin sections (5 µm) were prepared using a Leica histotome (Leica Microsystems, Wetzlar, Germany) and deparaffinized with immersion in dimethylbenzene prior to rehydration. HE staining was subsequently performed according to standard procedures (22) . TUNEL assay. The V-SMC cells were pre-treated with CoCl 2 or without CoCl 2 if they were to serve as a control. The cells were then treated with scramble siRNA or hsa-circ-000595 siRNA for 24 h. The adherent cells were subsequently detached using 0.1% trypsin/0.04% EDTA (Invitrogen Life Technologies) and the cell apoptosis levels were assessed using a DeadEnd™ Fluorometric TUNEL assay kit (cat. no. C1088; Beyotime Institute of Biotechnology). Data were acquired using an Infinite 200 PRO Multimode reader (Tecan Group, Ltd., Maennedorf, Switzerland) and were analyzed using i-control 1.9 software (Tecan Group, Ltd.). 
Statistical analysis.
Values are expressed as the mean ± standard deviation. Differences between groups were analyzed by 1-or 2-way analysis of variance. Differences in the rates of tumor inhibition were validated by the χ 2 test. P<0.05 was considered to indicate a significant difference between groups. The analytical software is SPSS 13.0 (SPSS Inc, Chicago, IL, USA) was used for statistical analyses.
Results
Expression of circRNA in aortic tissues from patients with aortic aneurysm. Aortic tissues from patients with aortic aneurysm were assessed by histochemical analysis and RT-qPCR. H&E staining of aortic aneurysm and normal tissues was performed (Fig. 1A) . In the PCR array assays, 94 circRNAs were assessed and the results revealed that the expression of 12 circRNAs was increased by at least 1.5-fold of that in normal tissues (Fig. 1B) . In aortic tissues from patients with aortic aneurysm, hsa-circ-000595 was most significantly increased by 1.5-fold compared with that in normal tissues (P<0.05) (Fig. 1C) .
Hypoxia upregulates the expression of hsa-circ-000595 in v-SMCs. As hypoxia may be one of the causes of aortic aneurysm, the present study determined the expression of hsa-circ-000595 during hypoxia, which was simulated by incubation with CoCl 2 . The expression levels of hsa-circ-000595 in v-SMCs treated with/without CoCl 2 were assessed by RT-qPCR. As shown in Fig. 2A , V-SMC expressed circRNAs normally under normoxic conditions, while treatment with CoCl 2 (300 µM) led to a modest upregulation of the expression of hsa-circ-000595 in V-SMCs in a time-dependent manner ( Fig. 2A; P<0.05 ). Of note, high doses of CoCl 2 significantly These results indicated that hsa-circ-000595 expression was increased under hypoxic conditions, further suggesting its implication in aortic aneurysm.
Knockdown of hsa-circ-000595 attenuates hypoxia-induced apoptosis of V-SMCs.
To further explore how hsa-circ-000595 influences the viability of V-SMCs, hsa-circ-000595 knockdown was performed in V-SMCs. RT-qPCR confirmed that the expression of hsa-circ-000595 was obviously downregulated in V-SMCs transfected with two different siRNAs directed towards hsa-circ-000595 for 48 h compared with the expression in cells transfected with scrambled control vector (P<0.05) (Fig. 3A) . In order to clarify the role of hsa-circ-000595 in apoptosis of V-SMCs, the apoptotic rate was assessed by flow cytometry and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays. As shown in Fig. 3B , transfection with either of the two siRNAs of hsa-circ-000595 did not affect the apoptotic rate of V-SMC cells in the absence of CoCl 2 ; however, in the presence of CoCl 2 , the apoptotic rate was decreased in hsa-circ-000595-knockdown cells compared with that in cells transfected with scrambled control. These results were validated by TUNEL assays (Fig. 3C) . Under hypoxic conditions only, hsa-circ-000595 knockdown can also reduced the protein levels of caspase 3, caspase 8 and Bcl-2, which are apoptosis-associated proteins (Fig. 3D) . Therefore, knockdown of hsa-circ-000595 attenuated hypoxia-induced apoptosis of aortic cells, which may potentially reduce the occurrence of aortic aneurysm.
Hsa-circ-000595 regulates miR-19a expression.
Growing evidence indicated that hsa-circ-000595 is strongly associated with apoptosis (23) . CircRNAs were reported to be silencers of miRNAs. By using bioinformatics tools, the present study demonstrated that expression of 17 miRNAs was affected by hsa-circ-000595 ( Fig. 4A-C) , and that there was a statistically significant difference between the expression levels of miR-19a and Hsa-circ-000595. These results were obtained from the GSE24194 database. RT-PCR was then performed to determine the expression levels of miR-19a in V-SMCs treated with CoCl 2 . As shown in Fig. 4D and E, prior to CoCl 2 treatment of V-SMCs, the cells were transfected with hsa-circ-000595 siRNA, and subsequently the expression of miR-19a was significantly increased in hsa-circ-000595-knockdown-treated V-SMCs in a dose-and time-dependent manner, as compared with that in native V-SMCs. These results suggest that knockdown of hsa-circ-000595 is able to increase the expression of miR-19a.
Discussion
Evidence has shown that a combination of hsa-circ-000595 knockdown with miR-19a was more effective in preventing V-CMC cell apoptosis than either agent (24) . In the present study, the expression levels of hsa-circ-000595 were higher in tissue from patients with aortic aneurysm, as compared with in normal tissue. In addition, there was a negative correlation between hsa-circ-000595 and miR-19a; the expression of miR-19a was enhanced after silencing of hsa-circ-000595 expression. However, the therapeutical value of this finding has not been exploited for any clinical applications due to the low bioavailability of hsa-circ-000595 (25, 26) . In order to overcome its low bioavailability, numerous analogues of hsa-circ-000595 have been created over the past two decades, but the outcomes have been disappointing (27) . The present study performed a preliminary analysis in order to elucidate the synergistic mechanism of hsa-circ-000595 and miR-19a from an epigenetics perspective aimed to lay a theoretical foundation for improving the sensitivity to miRNA treatment in cardiovascular conditions. Previous studies indicated that sensitivity to miRNA was increased by upregulation of miR200 and miR21, which blocked hsa-circ-000595 (28) . The present study showed that hsa-circ-000595-knockdown upregulated miR-19a expression in hypoxic V-SMC cells. Previous studies reported that cyclooxygenase (COX)-2 and nuclar factor (NF)-κB, are strongly associated with cardiovascular diseases, are the target genes of hsa-circ-000595 (18, 29) .
The present study generated a hypoxic cell model using a cardiovascular V-SMC line. In these V-SMCs, hypoxia-inducible factor (HIF)1α is strongly linked with hypoxia-induced apoptosis and is aberrantly highly expressed at the mRNA and protein level compared with that in normal cells. According to previous studies, this is in part due to the inactivation/activation of NF-κB, COX-2 and their downstream target molecules (15) . However, previous studies found that miR-19a was markedly downregulated in V-SMCs treated with a combination of circRNAs and hsa-circ-000595 compared with circRNAs alone or not (30, 31) . This suggested that circRNAs may increase the sensitivity to miRNA treatment not only through modulation of miR21 and miR200 expression, but also through modulation of miR-19a expression by hsa-circ-000595. In addition, hsa-circ-000595-knockdown was associated with high miR-19a expression levels, as indicated by the results of V-SMC cells treated with a combination of circRNAs and hsa-circ-000595 compared with circRNAs alone or not. Therefore, it is indicated that the levels of miR-19a may be altered in V-SMCs treated with a combination of miR-19a and hsa-circ-000595. All of these results suggested that aortic aneurysm can be induced through upregulation of miR-19a expression by hsa-circ-000595 (32) (33) (34) .
In conclusion, the present study showed that hsa-circ-000595 was highly expressed aortic tissues of patients with aortic aneurysm, and that hsa-circ-000595 can inhibit the expression of miR-19a. These results laid a theoretical foundation for exploring the mechanisms of the involvement of circRNAs in aortic aneurysm and their roles in the regulation of miRNAs, which may be harnessed in order to tune the sensitivity of aortic aneurysm to miRNA treatments.
